Abstract Purpose: Chimeric transcription factor ETV6/RUNX1 (TEL/AML1) is believed to cause pathologic block in lymphoid cell development via interaction with corepressor complex and histone deacetylase. We wanted to show the regulatory effect of ETV6/RUNX1 and its reversibility by histone deacetylase inhibitors (HDACi), as well as to identify potential ETV6/RUNX1-regulated genes. Experimental Design: We used luciferase assay to show the interaction of ETV6/RUNX1 protein, ETV6/RUNX1-regulated gene, and HDACi. To identify ETV6/RUNX1-regulated genes, we used expression profiling and HDACi in lymphoid cells. Next, using the flow cytometry and quantitative reverse transcription-PCR, we measured differentiation changes in gene and protein expression after HDACi treatment. Results: Luciferase assay showed repression of granzyme B expression by ETV6/RUNX1protein and the reversibility of this effect by HDACi. Proving this regulatory role of ETV6/RUNX1, we identified, using complex statistical analysis, 25 genes that are potentially regulated by ETV6/ RUNX1protein. In four selected genes with known role in the cell cycle regulation (JunD, ACK1, PDGFRB, and TCF4), we confirmed expression changes after HDACi by quantitative analysis. After HDACi treatment, ETV6/RUNX1-positive cells showed immunophenotype changes resembling differentiation process compared with other leukemic cells (BCR/ABL, ETV6/ PDGFRB positive). Moreover, ETV6/RUNX1-positive leukemic cells accumulated in G 1 -G 0 phase after HDACi whereas other B-lineage leukemic cell lines showed rather unspecific changes including induction of apoptosis and decreased proliferation. Conclusions: Presented data support the hypothesis that HDACi affect ETV6/RUNX1-positive cells via direct interaction with ETV6/RUNX1protein and that treatment with HDACi may release aberrant transcription activity caused by ETV6/RUNX1chimeric transcription factor. Neoplastic transformation is characterized by inadequate proliferation and changes in the mechanisms of differentiation and apoptosis (1). Aberrant transcription factors, frequently present at the diagnosis of leukemias, are probably responsible for one of the steps in leukemogenic transformation in these particular cases. The expression of chimeric transcription factors results in a block of differentiation and apoptosis by interfering with the function of their wild-type counterparts. The role for one of these chimeric transcription factors, ETV6/RUNX1 (TEL/ AML1), in leukemogenesis is still not completely understood despite the frequency of t(12;21)-positive acute lymphoblastic leukemia (ALL; up to 25%; refs. 2 -4).
Neoplastic transformation is characterized by inadequate proliferation and changes in the mechanisms of differentiation and apoptosis (1) . Aberrant transcription factors, frequently present at the diagnosis of leukemias, are probably responsible for one of the steps in leukemogenic transformation in these particular cases. The expression of chimeric transcription factors results in a block of differentiation and apoptosis by interfering with the function of their wild-type counterparts. The role for one of these chimeric transcription factors, ETV6/RUNX1 (TEL/ AML1), in leukemogenesis is still not completely understood despite the frequency of t(12;21)-positive acute lymphoblastic leukemia (ALL; up to 25%; refs. 2 -4) .
In normal hematopoietic cells, the erythroblast transformation -specific (ETS) family transcription factor ETV6 (TEL) is composed of two major functional domains: an NH 2 -terminal pointed (PNT) domain and a COOH-terminal ETS domain (5 -7) . RUNX1 [AML1, core binding factor (CBF)-a2], a member of the RUNX protein family (8) , represents an asubunit of CBF and displays high homology with a segment of the Drosophila gene runt. RUNX1 is composed of some characteristic domains. The Runt domain is responsible for the binding with DNA and protein-protein interaction, and the transactivation domain is located at the COOH-terminal site (9, 10) . The ETV6/RUNX1 fusion protein contains the NH 2 -terminal part of the ETV6 protein with the dimerization PNT domain and almost the complete RUNX1 protein with all functional domains. Deficiency in RUNX1 expression leads to an early block in hematopoietic differentiation. Therefore, RUNX1 knockout animals completely lack mature hematopoiesis and die embryonically (11, 12) . RUNX1 seems to have a dual role in promoting cell cycle progression and differentiation, presumably depending on the presence of different factors that interact with it in different stages of development (13) . RUNX proteins are able to either increase or actively inhibit the transcriptional activity of target genes, most likely depending on the specific cell type as well as the particular target gene (14) . ETV6 function is essential for the establishment of hematopoiesis of all lineages in the bone marrow (15) . ETV6 À/À mice are embryonic lethal because of a yolk sac angiogenic defect.
As the DNA-binding domain of RUNX1 is retained in the ETV6/RUNX1 fusion, it is expected that this fusion protein binds to DNA through this domain and functions in a dominant-negative fashion. Several theories propose a mechanism of repressional activity of ETV6/RUNX1. Siu et al. describe heterodimerization of ETV6/RUNX1 and ETV6 that prevents normal ETV6 activity. Another study suggests that the dominant-negative effect of ETV6/RUNX1 is caused by the binding with RUNX1 coactivators (e.g., p300) and sequestering them into a complex localized in the cytoplasm (16, 17) . Another theory proceeds from a previously described association of the ETV6 part of the chimeric protein with the nuclear corepressors mSin3A, N-CoR, and histone deacetylase (HDAC)-3, which led to the assumption that ETV6/RUNX1 works as a transcriptional repressor by changing chromatin pattern (7, 18, 19) . Published results confirmed a direct negative effect of the ETV6/RUNX1 protein by using reporter constructs driven by regulatory regions derived from hematopoiesis-specific genes including the lymphoid-specific T-cell receptor-h enhancer and interleukin-3 promoter (10, 20) . However, no other target genes of ETV6/RUNX1 expressed in hematopoietic cells have been identified thus far. The proposed mechanism of action via chromatin remodeling using HDACs has not been proved.
HDACs are characterized by their capability to cleave acetyl groups from the lysine residues localized at the ends of histones. The role of HDACs in hematological diseases was described for the first time in a study on acute promyelocytic leukemia. Retinoic acid receptor-a receptor is able to bind the corepressor complex including HDACs, and this function is extended by binding with its fusion partner promyelocytic leukemia in t (15;17) . Another fusion partner of retinoic acid receptor-a, promyelocytic leukemia zinc finger protein in t (11;17) , also binds the corepressors and inhibits transcription of the target genes, consequently blocking myeloid differentiation. The aberrant repression in both in vivo and in vitro models of acute promyelocytic leukemia was counteracted only by HDAC inhibitors (HDACi) in combination with retinoic acid (21) . A number of HDACi have been characterized that inhibit the deacetylation of histones, which is associated with the reactivation of gene expression, leading to differentiation and thus abolishing tumor growth (1, 22, 23) .
We attempted to identify genes regulated by ETV6/RUNX1 in lymphoblasts using expression profiling and studied whether their expression can vary depending on the acetylation/ deacetylation of histones. We compared different genetically characterized subgroups (ETV6/RUNX1, BCR/ABL, and MLL/ AF4) most frequently present in children with ALL to identify specific genes of ETV6/RUNX1 genotype. It was proposed that chromatin remodeling is responsible for the leukemogenic role of ETV6/RUNX1 fusion protein and that this effect could be reversible by the application of HDACi (24) . The present work aimed to verify this assumption by using HDACi trichostatin A (TSA) and valproic acid (VPA). We tested the hypothesis that aberrant chromatin remodeling affects expression of genes originally transactivated by RUNX1 (25 -27) . We tested whether HDACi can release repression activity of ETV6/RUNX1 and induce differentiation in lymphoid leukemic cells by comparison with other B-lymphoid leukemic cells with different mechanisms of leukemogenesis (BCR/ABL, ETV6/ PDGFRB).
Materials and Methods
Cell cultivation. REH, a B-cell precursor leukemia cell line with translocation (12;21), kindly provided by R. Pieters (Erasmus Medical Center Rotterdam), Nalm-6 B-precursor leukemic cell line with translocation (5;12), Nalm-24 B-precursor leukemic cell line with translocation (9;22), and NC-NC, normal lymphoblastoid cells immortalized by EBV transformation, were used for experiments. Cell cultures except for REH were purchased from the Deutsche Sammlung von Mikroorganismen und Zellkulturen (German Collection of Microorganisms and Cell Cultures; Braunschweig, Germany). Cells were cultured at the Roswell Park Memorial Institute (RPMI) 1640 with 2 mmol/L L-glutamine with 10% fetal calf serum and 10 mL/L antibiotic solution (100 units/mL penicillin, 100 Ag/mL streptomycin). All suspension cultures were maintained at 37jC in 5% CO 2 . Cells were collected by centrifugation for 10 min at 240 Â g and resuspended at a density of 5 Â 10 Isolation of mRNA and cDNA conversion. Total RNA was extracted from a standardized amount of mononuclear cells isolated from cell lines using a modified method described by Chomczynski and Sacchi (28) and from patient samples as previously described (29) . The total extraction volume of RNA was adjusted to the number of processed cells and converted into cDNA using Moloney murine leukemia virus reverse transcriptase (Life Technologies, Inc., Carlsbad, TX) according to the manufacturer's instructions.
Flow cytometry. Immunophenotype measurement of treated cells was done with a combination of fluorescent monoclonal antibodies. Particular antibodies were chosen to cover specific stages of studied B-cell development. The selected immunostainings were measured by multicolored combinations: surface antigens-CD10 FITC/CD20 phycoerythrin/CD71 A1633/4 ¶,6-diamidino-2-phenylindole; intracellular antigens-iTdT FITC/iIgM phycoerythrin/20 PC5 and iRAG-1 A1633. For measurement, we used a BD FACSAria Cell Sorting System (Becton Dickinson, San Jose, CA) and data acquisition analyses were done by FlowJo (TreeStar, Ashland, OR) and by CELLQuest (Becton Dickinson) software applications. CycleTEST PLUS DNA Reagent Kit (Becton Dickinson) was used for DNA analysis. Proliferation activity was assessed as a percentage of cells in S and G 2 -M phases of cell cycle. All individual cultivations and cell measurements were done in independent triplicates. Statistics was calculated by ANOVA test.
Plasmids. Myc -tagged ETV6/RUNX1 in pcDNA3.1 vector (pcDNA3.1Myc-ETV6/RUNX1) for transient ETV6/RUNX1 model and pGZMB-luc for luciferase assay were kindly provided by A. Ford (Institute of Cancer Research, LRF, London, United Kingdom). Control vector pcDNA3.1-empty was prepared by EcoRI restriction and pGL3-basic and pRL-CMV were purchased from Promega (Madison, WI).
Luciferase assay. The human carcinoma cell line HeLa was seeded at 1.5 Â 10 5 per well and transfected with pcDNA3.1Myc-ETV6/RUNX1 or pcDNA3.1-empty (1.6 Ag) by Lipofectamine (2 AL) in 600 AL of serumfree medium 24 h before transfection with pGZMB-luc. DNA fragment of granzyme B (GZMB) promoter was subcloned into the SmaI site of pGL3-basic luciferase reporter gene construct to form pGZMB-luc. Cells were transfected by pGL3-basic to normalize the luciferase activity (pGZMB-luc/pGL3-basic). pRL-CMV was transfected to each sample for normalizing transfection efficiency.
To test the effect of HDACi on ETV6/RUNX1, cotransfected HeLa cells were treated with VPA or TSA and luciferase activity was monitored. Subsequently, differences between untreated and treated cells were calculated. Luciferase activity was measured by a luminometer Microplate TLX2 using Dual-Luciferase Reporter Assay System (Promega) according to manufacturer's instructions. Luciferase activity of untreated cells was arbitrarily set to 100%. All experiments were done in triplicate. Data were expressed as relative luciferase activity (RLU).
Quantitative reverse transcription-PCR. Real-time quantitative reverse transcription-PCR (RT-PCR) was done in the LightCycler rapid thermal cycler system (Roche Diagnostic GmbH, Basel, Switzerland) and Q-Cycler (Bio-Rad, Hercules, CA) according to manufacturers' instructions. Oligonucleotide hydrolyzation probes were used in systems for quantification of genes selected from expression profiling, SYBR Green DNA-binding dye for RAG-1 and TdT genes, and oligonucleotide hybridization probes for b 2 -microglobulin (housekeeping gene; ref.
4).
Gene expression measurements and analyses. Spotted cDNA microarrays were used that contain more than 43,000 features representing f30,000 genes (Stanford Functional Genomics Facility, Stanford, CA). The reference RNA used for all the arrays was Universal Human Reference RNA (Stratagene Europe, Amsterdam, the Netherlands). We labeled each of the sample RNA (RNA of untreated REH cells, TSAtreated REH cells, VPA-treated REH cells) with a red fluorescent dye (Cy5-dUTP, Amersham Pharmacia Biotech Europe, Freiburg, Germany) and the reference RNA with a green fluorescent dye (Cy3-dUTP, Amersham Pharmacia Biotech Europe) and comparatively hybridized sample RNA and reference RNA to an array. Each experiment was done in triplicates.
The fluorescence intensities of Cy5 and Cy3 were measured using a GenePix 4000 scanner (Axon Instruments, Foster City, CA) and analyzed using GenePix Pro 4.1 software (Axon Instruments). Subsequent analysis and normalization of data was done as previously described (29, 30) .
Statistical analysis. To analyze the data of REH samples treated with HDACi in the supervised analysis, we used significance analysis of microarrays (31) . A list of significantly differentially expressed genes was obtained by carrying out a 1,000-fold permutation test and considering a false discovery rate of 5% and a fold change of >2. Analysis of ALL patient expression data was done following our previously described method (32) .
Results

Functional proof of ETV6/RUNX1 regulation of granzyme B
The transcription of granzyme B is known to be directly regulated by the RUNX1 protein (33, 34) . Therefore, the granzyme B promoter region was cloned into the luciferase construct to determine whether ETV6/RUNX1 represses granzyme B expression on the basis of an existing RUNX1-binding site. Luciferase activity was measured in HeLa cells transfected with pcDNA3.1 Myc-ETV6/RUNX1 and compared with HeLa cells transfected with pcDNA3.1 empty vector. The mouse DNA fragment of granzyme B (bp À324 to À43) has two RUNX1-binding sites (À278 to À273 and À219 to À214) and is identical to the human gene (whole inserted sequence of granzyme B has 84% homology with human gene fragment). Cells were transfected with pGZMB-luc or pGL3-basic to normalize the luciferase activity. A decrease to 33% in ETV6/ RUNX1 cells versus control cells with empty vector (100%) indicated that granzyme B was down-regulated by ETV6/ RUNX1. Twenty-four hours of cultivation with HDACi released this expression block and increased luciferase activity in ETV6/ RUNX1 cells by >180%. Values were calculated as relative luciferase units (RLU) of ETV6/RUNX1 cells divided by RLU of control cells (Fig. 1) .
Screening strategy for identification of downstream genes
Step I. Recalculation of expression profiling data from ALL patients was done by analyzing the data published by Fine et al. (29, 30) , which are available through the Stanford Microarray Database 4 as previously described (32) . Differences between genotypic subgroups were calculated using data from patients with B-cell precursor ALL. For graphical comparison of the predictive value of genes correlating with a genotype assessed by different methods, the probe set -specific optimal cutoff value was determined using statistical software R. 5 For each probe set, the frequencies of cases above all possible cutoff values were computed. The level that led to the largest distance from the diagonal of equality was used as the optimum cutoff value for each probe set (32) .
This approach was applied to ETV6/RUNX1-positive versus ETV6/RUNX1-negative, genotypically defined patients (BCR/ ABL and MLL/F4 positive) to select genes specific for ETV6/ RUNX1-positive phenotype. Expecting the repression effect of ETV6/RUNX1 fusion protein, we searched for genes downregulated in the ETV6/RUNX1-positive group. The scale of cutoff values for each probe set was from 0 to 100. This meant that genes selected for further analysis had to have a value of difference between txx (cutoff value of a single gene in ETV6/ RUNX1-positive patients) and tyy (cutoff value of a single gene in ETV6/RUNX1-negative patients) V À33.3. This approach allowed us to identify 2,539 down-regulated genes specific for the ETV6/RUNX1 phenotype in ascending order (order of importance).
Step II. Then we asked whether an ETV6/RUNX1-positive cell line REH could serve as a model in the next intended in vitro experiments. Therefore, we compared data from two independent expression profiling experiments, one on ALL patients and the other using REH samples. It was essential for our future strategy to choose only those genes from step one of our analyses that had similar relative expressions in both tested sets. Mathematically, genes selected in step two had to have differences (''closeness'') between their expression in ETV6/ RUNX1-positive patients and that in REH cells closer than the minimum difference in expression between ETV6/RUNX1-positive and ETV6/RUNX1-negative patients. The output of the second step of analysis resulted in 927 genes. This set of down-regulated genes characterized equally ETV6/RUNX1-positive patient samples and the REH cell line. For exact algorithm, see Fig. 2 .
Step III. In the next step of analysis, we selected genes that changed their expression after VPA treatment in samples of REH cells. Again, only genes with increased expression after VPA were chosen, thus corresponding with the expected underlying mechanism of ETV6/RUNX1 action. The difference between median gene expression in treated samples (with VPA) and median gene expression in untreated samples (median VPA À median C) had to be higher than zero. This third step limited our list to 759 genes.
Step IV. In the last step, we selected genes with a significantly changed expression pattern after VPA treatment (P V 0.05) and these genes were listed in descending order. This fourth step 
Expression profiling versus quantitative RT-PCR
For further analysis, we chose genes with a known proliferative or cell cycle regulative function. Using quantitative RT-PCR, we confirmed these expression changes after the treatment with HDACi (VPA, TSA) in four genes, three of them down-regulated and one up-regulated in ETV6/RUNX1-positive leukemia cells. First, ACK1 (alias TNK2, activated p21cdc42Hs kinase) and PDGFRB (platelet derived growth factor receptor h) were chosen from our list of 25 genes (see above). Moreover, differential expression in ETV6/RUNX1-positive and ETV6/ RUNX1-negative patients was confirmed by comparison with other publicly available expression profiling data 6 (35, 36) . Gene JunD (junD proto-oncogene) was chosen from the more extensive list of the first 72 genes, and gene transcription factor 4 (TCF4) was selected as an example of genes up-regulated in ETV6/RUNX1-positive cells. Expression of JunD, ACK1, and PDGFRB in ETV6/RUNX1-positive patients as well as in the cell lines was low with a clear increase after HDACi treatment. TCF4 gene expression was high and the treatment with HDACi led to a decrease. We confirmed changes of expression levels by quantitative RT-PCR between treated and untreated cells:
JunD, TSA P = 0.013, VPA P = 0.0008; ACK1, VPA P = 0.07, TSA P = 0.5; PDGFRB, TSA P < 0.0001, VPA P = 0.016; TCF4, TSA P < 0.0001, VPA P = 0.0002 (Fig. 3) .
Effect of HDACi on proliferation activity and apoptosis
We tested cell cycle progress and apoptosis rate after HDACi treatment in ETV6/RUNX1-positive cells and compared them with pre -B-leukemic cells with different leukemogenic mechanism (ETV6/PDGFRB) to look if there are any differences in drug effect. EBV-transformed mature lymphocytes were used as a control to test the toxicity of the compounds in nonleukemic B-lymphoid cells. An increase in the number of apoptotic cells was expressed as the ratio of apoptotic fraction in treated cells to apoptotic fraction in untreated cells. In the REH cell line, the apoptosis rate was 8% using 1 mmol/L VPA and 26% using 240 nmol/L TSA, in contrast to 3.7% and 1.7% in control lymphocytes (NC-NC cell line). Similarly, in Nalm-6, the apoptosis rate reached 17% with VPA and 41% with TSA. The Nalm-6 and REH cell lines reduced their proliferation activity (S + G 2 -M) by 19% (VPA), 28% (TSA) and 7% (VPA), 15% (TSA), respectively. These data suggest that treatment with TSA preferentially leads to apoptosis in both ETV6/RUNX1-positive and ETV6/RUNX1-negative leukemic cell lines. However, this effect was clearly seen after VPA treatment only in Nalm-6 cells, whereas in REH cells, we observed a relative increase in G 1 -G 0 . In contrast, in NC-NC cells the proportion of retained cell cycle phases was almost unchanged (Fig. 4) . 
Detection of differentiation antigen shift
Three leukemic cell lines with known fusion genes, REH (ETV6/RUNX1), Nalm-24 (BCR/ABL), and Nalm-6 (ETV6/ PDGFRB), were selected for monitoring of HDACi-driven changes in immunophenotype. Initially, CD10 and CD20 levels were detected 24 and 48 h after HDACi (VPA, TSA) treatment. Due to different developmental stages of selected cell lines, mean fluorescence area intensity instead of genuine cell count was measured. This allowed a simple comparison of differentiation pattern shift. The pattern of expression for native REH cells was CD10 ++ /CD20 À . After cultivation with HDACi, the CD10 hyperexpression decreased (CD10 + ; VPA P = 0.0004, TSA P = 0.0002) and CD20 expression increased to low positivity (CD20 dim/+ ; VPA P = 0.005, TSA P = 0.01). The expression pattern for native Nalm-24 cells was CD10 + /CD20 + . After treatment, expression of both studied antigens decreased (VPA P = 0.0008, TSA P < 0.0001; VPA P = 0.08, TSA P = 0.0004, respectively). The expression pattern for native Nalm-6 cells was CD10 ++ /CD20 À . Expression of CD10 was dysregulated in an up-and-down manner depending on the time of acquisition and dose and type of HDACi. Although its level oscillated, its expression tended to be slightly higher. Surface antigen CD20 maintained its initial negativity under treatment with HDACi (Fig. 5) . Whereas Nalm-24 and Nalm-6 cell lines did not display evident differentiation drift, the REH cell line expressed CD10 and CD20 in a pattern similar to more mature normal blasts (37) . We used another differentiation marker of B-cell development, TdT. After VPA administration, the expression of TdT in the REH cell line significantly decreased (VPA P = 0.0001), whereas in Nalm-24 cells, the TdT level decrease was not significant (VPA P = 0.24). RAG-1 expression in REH cell line paralleled that of TdT (VPA P = 0.006). Lower doses (0.5 mmol/L VPA, 120 nmol/L TSA) of VPA and TSA were less effective; however, the same trends were observed. After 48 h, the effect of HDACi was less pronounced.
The expression decrease of RAG-1 and TdT antigen was confirmed at the mRNA level by quantitative RT-PCR. The transcription levels of RAG-1 and TdT were normalized to the expression of the housekeeping gene b2-microglobulin. Normalized expression data of treated and untreated samples were compared.
The mRNA level of RAG-1 gene rapidly decreased after 24 h from the initial level 3.30 F 0.321 to 1.004 F 0.053 after VPA (P = 0.0002) and 0.197 F 0.046 after TSA (P < 0.0001) administration. Similarly, the mRNA level of TdT significantly decreased within 24 h after TSA or VPA treatment from initial RNA level 1.767 F 0.178 to 0.888 F 0.110 (P = 0.01) and 0.072 F 0.020 (P = 0.0001), respectively (Fig. 6 ).
Discussion
The functional consequences of fusion gene formation are either constitutive kinase activation (e.g., BCR/ABL) or altered transcriptional regulation. Published studies suggest that RUNX1 fusion proteins may act as negative regulators of genes that, in normal hematopoiesis, are transactivated by the RUNX1 transcription factor (18, 38 -40) . RUNX1 is known to regulate promoters of various genes involved in myeloid differentiation, such as macrophage colony-stimulating factor receptor, granulocyte-macrophage colony-stimulating factor, interleukin-3, neutrophil elastase, myeloperoxidase, and others (38, 41) . RUNX1 regulates hematopoietic myeloid cell differentiation and transcriptional activation but its role in lymphoid development is not yet fully understood (42) . Only a few RUNX1 target genes or regions have been described in lymphoid cells (i.e., B-lymphoid kinase, complement receptor 1, enhancers of T-cell receptor h, and immunoglobin a; refs. 10, 17, 43) .
We hypothesized that the normal role of RUNX1 in B-cell precursors is compromised in a dominant-negative fashion by the ETV6/RUNX1 fusion. ETV6/RUNX1 recruits a corepressor complex including HDAC, which likely induces chromatin remodeling and consequently blocks the transcription of genes normally transactivated by RUNX1. To prove the direct involvement of HDACs in ETV6/RUNX1 function, we used HDACi to overcome this presumptive block. Despite expected broad effects of HDACi treatment on cellular transcriptional regulation, these compounds act very selectively to alter the transcription of fewer than 2% of expressed genes (44) .
To prove the direct effect of HDACi on ETV6/RUNX1 in cells in vitro, we chose a previously identified target gene of RUNX1, granzyme B. To our knowledge, this is the first time that a direct effect of the interaction between ETV6/ RUNX1 and any potential target genes of RUNX1 has been shown. For this purpose, we have established a transient ETV6/RUNX1 expressing model to show the down-regulation of granzyme B in the presence of the ETV6/RUNX1 protein compared with ETV6/RUNX1-negative controls. Next, we showed that HDACi treatment relieves the repression observed in the presence of the ETV6/RUNX1 fusion protein. This experiment confirms the hypothesis that the ETV6/RUNX1 fusion protein can act as a transcriptional repressor and its activity is reversible by HDACi. Therefore, HDACi can be used as a tool for the identification of genes potentially regulated by ETV6/RUNX1.
Childhood ALL subgroups known thus far are characterized by the presence of specific genetic aberrations, mainly chromosomal translocations leading to the fusion genes formation. They are part of different pathways, thus contributing to leukemogenesis by different mechanisms. To study neoplastic transformation in the presence of ETV6/RUNX1 and to identify potential ETV6/RUNX1 target genes, we compared expression data of ALL patients of three genotypically defined groups: ETV6/RUNX1, BCR/ABL, and MLL/AF4. Identification of specific genes of the ETV6/RUNX1-positive phenotype was based on the analysis of particular cutoffs; a selection of genes specifically overexpressed or underexpressed in the cells of ETV6/RUNX1-positive patients was made. This group of genes was compared with the genes whose expression patterns changed significantly after treatment with HDACi. From the resulting pool of genes that fulfilled all of these criteria of analysis, we selected four genes (JunD, ACK1, PDGFRB, and TCF4) to compare expression data from expression profiling and data from quantitative RT-PCR. These four genes were Research. selected from the extensive list on the basis of their previously described fundamental role in cell proliferation and cell cycle regulation (45 -48) . Our analysis pinpointed top 25 genes that either are directly regulated by the ETV6/RUNX1 fusion protein or are in ETV6/RUNX1-regulated pathways. Most likely, they represent target genes of the RUNX1 transcription factor involved in B-lineage lymphopoiesis. We assume that these genes (albeit not exclusively) are likely to be involved in ETV6/ RUNX1-driven leukemogenesis.
We also investigated the influence of HDACi on cell cycle progress and differentiation in ETV6/RUNX1-positive cells. As the morphologic shift was hardly to be expected in lymphoblasts, we concentrated on flow cytometry analysis. These immunophenotype changes differed between ETV6/RUNX1-positive and ETV6/RUNX1-negative cells. ETV6/RUNX1-positive cells showed indications of differentiation (decrease of CD10, TdT, and RAG-1 expression and up-regulation of CD20) compared with cell lines derived from leukemias with aberrant tyrosine kinase fusion genes (BCR/ABL, ETV6/PDGFRh), which underwent unspecific immunophenotype changes without a differentiation effect.
We are aware of the effect of HDACi on apoptotic pathways in malignant cells that can complicate analysis of apoptosis in our model cell lines. Indeed, a proapoptotic effect was observed in both ETV6/RUNX1-positive and ETV6/ RUNX1-negative leukemic cells. In contrast to leukemic cells, the administration of HDACi did not change the progress of the cell cycle in normal mature lymphocytes. HDACi administration decreased the number of proliferating cells in the leukemic cell lines. TSA had a more pronounced effect with a significant shift towards apoptosis in both ETV6/ RUNX1-positive and ETV6/RUNX1-negative cells, whereas VPA acted more selectively, arresting ETV6/RUNX1-positive cells in the G 1 -G 0 phase of the cell cycle instead of driving them to apoptosis. This result is in agreement with the previously published data suggesting that VPA preferentially acts on corepressor-associated HDACs and inhibits class I HDACs more efficiently than class II enzymes. Previous studies also showed lower toxicity of VPA to normal hematopoietic precursors (25) .
HDACi are currently among the most promising compounds in drug development for cancer therapy, and first-generation HDACi are currently being tested in phase I/II clinical trials (49) . ALL patients carrying the ETV6/RUNX1 fusion have a good prognosis compared with other subgroups of childhood ALL, but relapses still occur in this group. And although generally the prognosis after relapse tends to be good, second relapses also occur. As in all subgroups with overall superior prognosis, the main challenge is to identify the sporadic highrisk patients. Minimal residual disease quantitation represents an available tool for the identification of slow responders to the initial phase of treatment as well as patients with adverse dynamics of the leukemic clone. As recently showed, minimal residual disease assessment can even help to test the efficacy of individual drugs in the multidrug induction therapy in ETV6/ RUNX1-positive patients (50).
We presume that HDACi can potentially be used in the treatment of patients with detectable residual disease or with molecular relapses in the relapse treatment and after the transplantation in this genotypically defined subgroup of patients. The doses of VPA we used in our study correspond to the serum concentrations of this agent in neurologic patients. The use of this agent for human medicine predisposes VPA for testing in high-risk ETV6/RUNX1-positive leukemia patients. 
